Objective: to analyze spatial distribution of avoidable infant deaths in Espírito Santo state, Brazil, 2006 -2013 Methods: this was an ecological study of infant deaths recorded on the Mortality Information System and classified according to the method used by the International Collaborative Effort on Perinatal and Infant Mortality (ICE). Avoidable death rates were calculated and smoothed by global and local Bayesian estimators. Local Moran's Index was used to verify local spatial correlation. Results: of the 5,089 deaths, 4,805 were classified as per ICE, 77.2% of which were avoidable. The crude mean rate was 9.68/1.000 live births, reducing to 8.96/1.000 live births after applying the global Bayesian estimator. The municipality of Jerônimo Monteiro had the highest rate (20.1/1.000 live births). The Local Moran's Index showed weak spatial correlation of 0.197 (p-value=0.02). Conclusion: there were clusters of municipalities in the Central and Southern regions of the state, suggesting the need for adequate monitoring in these areas where there is a higher risk of avoidable deaths.
Spatial analysis of preventable infant deaths

Introduction
Infant mortality represents the living and health conditions of a given population. 1 According to Ministry of Health estimates, 2 in 2000 Brazil's infant mortality rate (IMR) was 26.1/1.000 live births, while in 2015 it had reduced to 12.4/1.000. Espírito Santo state had an IMR of 18.1/ live births in 2000, while in 2015 its IMR became Brazil's lowest at 9.2 deaths/1.000 live births. 3 This significant decline in infant mortality is due, above all, to improvements in the living conditions of the population, including expansion of the water supply network, increase in the level of schooling and reduction in fertility rates, as well as the adoption of public policies targeting specific actions, such as vaccination campaigns, breastfeeding programs, the introduction of rotavirus vaccine and oral rehydration therapy in Primary Health Care. 4 However, despite its considerable fall over the years, in 2016, Brazil's IMR increased for the first time since 1990. 2 This suggests that infant deaths remain high even though the majority of them can be considered avoidable in view of technological progress and existing knowledge, which allow for effective interventions to tackle its causes. 5 In this sense, with effect from 1950, internationally several systems of infant death classification were proposed intended to reflect possible causes of infant mortality, such as the Taucher 6 and Wigglesworth 7, 8 methods and the International Collaborative Effort (ICE) on Infant Mortality. 9 In Brazil the following classifications have been proposed: the State Data Analysis System -(SEADE) 10 and the List of Causes of Death Avoidable by Brazilian National Health System Interventions. 11 The objective of these preventability classifications is to reduce deaths and obtain a reliable assessment of the effectiveness of health care services for pregnant women and newborns, even in the face of their different criteria for classifying avoidable and non-avoidable deaths. 12 However, classifying deaths in this way is subject to the limitations of death certificate information, 13 which, in turn, is a complicating factor.
As such, it is essential to investigate causes of death in order to decide as to their preventability. This is the role of the health professionals who do death surveillance in the municipality in which the mother is resident. At the end of the investigation of cause of death, the monitoring team should encourage discussions with other professionals involved in child care, with the aim of examining the case, and then conclude on the preventability of the death so as to prevent future deaths from similar causes. 14 In addition, the Infant and Fetal Death Prevention Committees are a strategy for improving health care, reducing avoidable deaths, as well improving mortality records. 14 Despite these efforts aimed at preventing infant death, there is a need to analyze the geographic distribution of this phenomenon, given its relationship with territorial inequalities. In addition, spatial analysis has been an important method for epidemiological health studies in order to highlight areas of greatest risk of diseases and deaths. 15, 16 In view of the above, the objective of this study was to analyze spatial distribution of avoidable infant deaths in Espírito Santo state, Brazil, from 2006 to 2013.
Methods
This is an ecological study of infant deaths in Espírito Santo state between 2006 and 2013, according to the municipality of mother's residence. Espírito Santo state is comprised of 78 municipalities in an area equivalent to 46,096.925 km². Its capital city is Vitória. In 2010, the state had 3,514,952 inhabitants and gross domestic product (GDP) per capita of 0.558 and a Gini index of 0.4928. 3 The period from 2006 to 2013 was selected for this study due to data availability. All deaths of children under one year old recorded on the Mortality Information System (SIM) were included in the study. We excluded deaths that occurred in the gestational period below 22 weeks and weighing less than 500 grams. In addition to this we used the SIM database provided by the Espírito Santo State Health Department (SESA-ES) to retrieve underlying cause of death, variables of interest and also to calculate mortality rates. We also used the Brazilian Life Birth Information System (SINASC) to calculate avoidable death rates.
Espírito Santo state had an IMR of 18.1/ live births in 2000, while in 2015 its IMR became Brazil's lowest at 9.2 deaths/1.000 live births.
Initially, the underlying causes of deaths coded according to the 10 th Revision of the International Statistical Classification of Diseases and Related Health Problems (ICD-10), were classified as avoidable or non-avoidable, according to the ICE preventability method 9 since this method had greater capacity for distinguishing between avoidable and non-avoidable causes of death. 12 This method proposed eight groupings of causes of avoidable infant deaths, namely: congenital; suffocation; immaturity; infection; sudden infant death syndrome (SIDS); external causes; specific conditions; and other causes. 9 All causes of infant deaths were then classified as avoidable or non-avoidable according to these groups. More information on ICE can be found in a previous publication. 12 After classification of infant deaths as avoidable or non-avoidable, we estimated absolute and relative frequencies for the following variables of interest: year of occurrence of infant death; type of death (neonatal or postneonatal mortality); the child's sex; ethnicity/skin color (white, black, brown, Asian, indigenous); type of delivery (vaginal, cesarean section); child's weight at birth (500-2,499g, 2,500-2,999g, 3,000-3999g, ≥4000g); and municipality of residence of the mother.
Sequentially, the avoidable death rates were calculated by summing the avoidable deaths that occurred over the years by municipality, divided by the sum of live births per municipality in the same period, multiplied by 1,000.
For the spatial analysis of the data we applied the global and local Bayesian estimators, with the objective of correcting the avoidable infant death rates. These are known as methods of spatial smoothing, since they are useful for avoiding random fluctuations that can result in false interpretations. Therefore, comparing the rates between the municipalities using these two methods was important to understand the behavior of the avoidable death rates. While the Global Empirical Bayesian estimator (GEBayes) seeks an approximation of the average rate for all municipalities, the Local Empirical Bayesian estimator (LEBayes) works with mean incidence found in municipality neighborhoods, given that neighboring regions tend to have rates that are more similar than those of regions distant from each other. 17 The local empirical Bayes estimator is a rate adjusted as follows: bi = wi + ti + (l-wi)m.
In the equation, wi is the weight between 0 and 1, which depends on the size of the population in area i, ti is the risk rate in the area and m is the overall rate for Espírito Santo state. The larger the population in area i, the closer weight wi, which means that in areas where the population is greater, the empirical Bayes estimate is very close to ti. In areas with a small population, the value of bi will be intermediary between ti and m. 17 The Local Moran Index was also calculated to verify whether distribution of avoidable infant death rates in space occurs randomly or follows a pattern of occurrence. For this reason, a significance level of 5% was considered when areas were delimited in which there were local spatial structures influencing these rates. 18 The result of this index varies from -1 to +1, i.e., positive values indicate spatial dependence, while negative values indicate inverse correlation. Furthermore, when the value is close to 0 this indicates lack of spatial correlation in the data. 18 The calculations to determine preventability of infant deaths were performed using Microsoft Excel, version 2010. We used the SIRGAS 2000 reference system (GRS80 ellipsoid geographic coordinates projection system) for information georeferencing and performance of spatial analysis, together with the Espírito Santo state 2010 digital mesh, provided by the Brazilian Institute of Geography and Statistics (IBGE). All analysis was performed using TerraView, version 4.2.2.
The study was submitted to the Federal University of Espírito Santo (UFES) Health Sciences Center Research Ethics Committee and was approved on 25 March 2015, Opinion No. 999.562. In addition, formal authorization was obtained to use SESA-ES data on the condition that the confidentiality of the information of the subjects listed in the database would be guaranteed.
Results
In the period from 2006 to 2013, there were 5,089 deaths among children younger than 1 year old; of these, 4,805 deaths were classified according to the ICE method as being avoidable (77.2%) or non-avoidable (22.8%). We found a reduction in avoidable deaths from 28.7% between 2006 and 2007, to 22.9% between 2012 and 2013 ( Table 1) .
Spatial analysis of preventable infant deaths
Avoidable infant death distribution occurred with greater frequency in the neonatal period (69.7%). In relation to individual characteristics, males (57%) and brown ethnicity/skin color (53.6%) were predominant. Cesarean delivery (52.6%) stood out as the most frequent type of child delivery among these deaths and the majority of deaths occurred in the under 2,500 gram weight range (63.8%) ( Table 1) .
With regard to infant death preventability rates, out of the 78 municipalities of Espírito Santo state, we found that João Neiva had the lowest rate (4.40 avoidable deaths/1,000 live births), while Jerome Monteiro had the highest rate (20.10 avoidable deaths/1,000 live births).
The crude mean avoidable death rate was 9.68/1,000 live births. However, the rate reduced to 8.96/1,000 live births, when corrected using the smoothing methods ( Table 2) .
Among the 78 municipalities forming Espírito Santo state, we found that the rate for 19 of them was less than 8 avoidable deaths/1,000 live births. In contrast, 21 municipalities had crude avoidable death rates of between 11.00 and 20.10 avoidable deaths/1,000 live births ( Figure 1A) .
Crude rates were found to have smoothed after LEBayes calculation, indicating that the effect of random fluctuations had been smoothed. Following smoothing, only nine of the municipalities that previously had rates of between 11.00 and 20.10 avoidable deaths/1,000 a) Crude avoidable infant death rate/1,000 live births. b) LEBayes: Local Empirical Bayesian estimator -average incidence found in municipal neighborhoods, using a spatial effect. c) GEBayes: Global Empirical Bayesian estimator -Weighted average between the crude rate for the specific location and the overall rate of the region. Figure 1B) . GEBayes was found to follow the same pattern, although it reduced the effect of random fluctuations even more, so that none of the municipalities continued to have rates between 11.00 and 20.10 avoidable deaths/1,000 live births ( Figure 1C ). Figure 2 shows the dispersion graphs for the spatial smoothing methods. Discrepant values were found between avoidable death rates in some municipalities. Using LEBayes, the rates for the municipalities of João Neiva, Vila Pavão and Dores do Rio Preto reduced. In contrast, the rates increased in the municipalities of Atílio Vivacqua and Jeronimo Monteiro when using both LEBayes and GEBayes. In both figures, municipality dispersion can be seen in relation to the regression line.
In addition, spatial autocorrelation calculated using the Local Moran Index (LISA) was 0.197 (p = 0.02), thus indicating the existence of significant spatial correlation between avoidable deaths, although the correlation for Espírito Santo state as a whole was weak. However, this method found a geographic conglomeration of municipalities in the central region of the state, including the municipalities of Aracruz, Ibiraçu, Santa Teresa, with a significance level lower than 0.10%; whereas in São Roque do Canaã, Santa Leopoldina and Afonso Claudio, the significance level was less than 5% in the spatial correlation. Another conglomeration of municipalities stood out southern region of the state, involving the municipalities of Mimoso do Sul, Muqui and Cachoeiro do Itapemirim (p<0.001) and Alegre (p< 0.05).
Discussion
The analysis of the spatial distribution of avoidable infant deaths occurring in Espírito Santo from 2006 to 2013, showed that the majority of the state's municipalities (75%) had avoidable infant mortality rates of less than 12/1,000 live births. The distribution of these rates at the local level predominated in the southern region of the state, similarly to what occurred with global distribution although the latter had less intensity in geographic space. 19 and Northeastern 20 regions of Brazil also found high percentages of avoidable infant deaths -76.4% and 76%, respectively. This reinforces the extent to which avoidable deaths still remain high in Brazil, although their distribution differs according to the region of the country.
Studies conducted in the Southern
It is important to emphasize that avoidable infant deaths result from shortcomings in health services or health care, and can be understood as events that should not occur, given the technologies available for health care. As such, they are referred to as sentinel events, since they are important for evaluating the quality of maternal and child health care. 5 This study initially found an average crude coefficient of 9.68 avoidable deaths/1,000 live births. However, after the smoothing methods (GEBayes), this coefficient became 8.96 for avoidable deaths/1,000 live births, ranging between 7.98/1,000 live births to 10.16/1,000 live births, in the period analyzed. For Brazil as a whole, Boing and Boing 21 found an average of 11.28 avoidable deaths/1,000 live births. In turn, Nascimento et al. 20 identified a mean coefficient of 10.30/1,000 live births, although this was in relation to avoidable neonatal mortality.
It is noteworthy that the coefficient smoothing used in this study enabled more reliable maps to be produced, since it is a process that reduces the influence of random fluctuation of measurements 22 and allows better estimation of avoidable infant death coefficients. As a consequence, it also enables identification of high-risk areas for the occurrence of these deaths.
As such, mapping of avoidable infant deaths showed that areas further from urban city centers and with greater lack of services had the highest rates of avoidable mortality. This could possibly indicate imbalance between availability of health services and investments in them. When analyzing geographic access to childbirth facilities in Brazilian municipalities, Almeida and Szwarcwald 23 identified that the greater the geographic distance from hospitalization for childbirth, the greater the infant mortality coefficients.
Despite expansion of primary care and increased coverage of prenatal care in remote areas, this phenomenon suggests an unequal distribution of health services in Espírito Santo, even though this geographic inequality is not excessively discrepant. Therefore, the distance of these areas in relation to health services, which are concentrated in the metropolitan region of Vitória, especially high complexity services, points to possible deficiencies in services specialized in the immediate care of the newborn, this being a fundamental element for survival of children younger than 1 year old. This fact corroborates with previous studies conducted in other Brazilian states, which pointed to intraregional inequality as evidenced by the large flow of pregnant women to municipalities located in urban areas with better levels of socioeconomic development. 24, 25, 26 This scenario is worrying, given that in Brazil there is a large proportion of health establishments without the minimum required equipment or specialized professionals for providing emergency care for perinatal women and the newborn. 24 This may further increase infant death rates. A study of death preventability classification conducted in Espírito Santo found that a large proportion of avoidable infant deaths occurred due to causes related to immaturity, 12 which may be related to failures in obstetric management and/or deficiencies in care for newborns in the state's Neonatal Intensive Care Units.
Avoidable death rates remain high throughout Brazil. This may be related to the high frequency of avoidable neonatal deaths, which in turn are responsible for the continuing high infant mortality coefficients, given its relationship with conditions during pregnancy and childbirth.
Despite the limitations inherent to this study, especially those related to the detailing of causes of death, the results presented here underline that deaths from avoidable causes are occurring above all owing to low quality health care provided to women and their babies during the prenatal, labor, birth and puerperium periods, given that the ICE classification takes into account causes of death resulting from these periods. 12 This study also identified significant spatial correlation between avoidable deaths, although correlation was weak in the context of the state as a whole. This indicates that neighboring regions tend to have rates that are more similar in relation to each other when compared to those of more distant areas, as well as sharing similar demographic and socioeconomic characteristics. 27 It is known that the infant mortality rate is linked to social inequalities and that therefore the most vulnerable populations have greater difficulty in accessing health services.
The influence of social and organizational characteristics of the context determines the occurrence of avoidable infant deaths. When analyzing spatial distribution of infant mortality in Espírito Santo, Lapa et al. 28 found that socioeconomic status and sewage disposal are factors inherent to the risk of dying. As such, the infant mortality rate is strongly linked to social inequalities, i.e., it is the most vulnerable populations who have greater difficulty in accessing health services. 1, 21, 25, 29 However, when avoidable death rates Spatial analysis of preventable infant deaths are analyzed, the refined methods used only indicate deaths that could be prevented through intervention.
In order to understand mortality patterns and distribution in time and space, geographic information systems and spatial location are becoming essential public health tools, especially for the spatial representation of events. 30 In this sense, the findings of our study reveal that the incorporation of spatial analysis methods enables detection of risk areas and situations, which could ensure the redirection of public policies and interventions targeting priority population groups.
It should be noted that this study also has some limitations, since the data source has flaws with regard to the filling out of death certificates and this can compromise the results of analysis at the local level. However, this does not invalidate the results obtained given the size of the sample used in the study period. In addition, the time period selected (8 years) was sufficient for the analysis proposed by this study, since infant death in small populations -as is the case of Espírito Santo's municipalities -is an event which occurs in small proportions and can, therefore, generate great variability when the rates are calculated. 17, 18 In conclusion, differences were found in the rates of avoidable infant deaths between municipalities of Espírito Santo state. This points to the need to develop adequate monitoring in areas with higher risk of death, as well as to improve the integration of primary care actions and enhance the municipal system model of maternal and child care. In addition, this study leads to reflection on the need to improve the living conditions of the population, given that socioeconomic factors are determinants of the occurrence of child deaths from avoidable causes.
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